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Introduction {#sec001}
============

Recent studies have highlighted key aspects for neural rehabilitation using robotic systems \[[@pone.0228083.ref001]\]. However, continual progress in this area depends on understanding the mechanisms of human sensorimotor learning in order to determine the optimal presentation of sensory information to improve the rate, retention and generalization of adaptation. Although adaptation is often studied on single movements in the laboratory, we rarely produce movements in isolation in everyday life. Rather, one movement often directly leads into another. For example, to catch a ball, we make use of visual motion information to estimate its state in order to plan and execute an interception movement. Thus, natural movements often follow directly from previous movements, or from visual motion.

This scenario can be investigated in the laboratory by using two-part movements. Here, the first part consists of a lead-in movement from a start location to an intermediate via point, which is followed closely in time by a second movement to a final target location. Recent work has shown that closely linking multiple movements together in time in this fashion reduces interference in learning opposing tasks \[[@pone.0228083.ref002]--[@pone.0228083.ref005]\]. In particular, distinct past movements act like a contextual cue, enabling adaptation to opposing viscous curl fields when the adaptation movements are preceded by unique lead-in motions, each associated with one of the dynamics \[[@pone.0228083.ref002]\]. This shows that motor learning and recall depends not only on the current state of the arm during a movement, but also on its preceding states. Interestingly, active, passive or visual lead-in movements were all equally effective at reducing interference. This indicates that sensory feedback relating to motion is sufficient to affect adaptation, even when no active movement is involved. The contextual effect of this prior movement disappears as the time between lead-in and adaptation movements exceeds about half a second, indicating that the representation of past state decays quickly over time. This suggests a strong link between the representation of state and the theory of neural population dynamics \[[@pone.0228083.ref006],[@pone.0228083.ref007]\].

Dynamic adaptation to a single force field occurs locally; after training in a specific movement, the recall of predictive compensation decreases as the movement angle \[[@pone.0228083.ref008]--[@pone.0228083.ref011]\] or distance \[[@pone.0228083.ref012]--[@pone.0228083.ref014]\] deviates from the training condition. The Gaussian-like angular generalization observed in these studies has also be found for lead-in movements, with different lead-in modalities exhibiting different characteristics, both in terms of their absolute level of influence, but also in their sharpness of tuning. In particular both active \[[@pone.0228083.ref015]\] and passive lead-in movements \[[@pone.0228083.ref010]\] show narrower and deeper tuning than visual lead-in movements \[[@pone.0228083.ref011]\].

Interference studies have been widely adopted to investigate contextual effects on motor learning, and to examine if contextual cues can assist in the learning of opposing dynamics \[[@pone.0228083.ref014],[@pone.0228083.ref016]--[@pone.0228083.ref021]\]. Such interference paradigms are more sensitive to generalization effects of contextual cues than single field paradigms, and have been used effectively to examine the angular generalization characteristics of lead-in movements \[[@pone.0228083.ref010],[@pone.0228083.ref011]\]. Using these paradigms it has been possible to extract features of the neural basis functions underlying dynamical adaptation, allowing for the development of simple computational models \[[@pone.0228083.ref004]\]. However, we still lack basic information on the generalization features of lead-in movements for different kinematics such as duration or distance.

Here, we first characterize the generalization of passive and visual lead-in movements across different kinematics using an interference paradigm. In two separate experiments, we examine generalization across distance and duration (and the dependent variable of speed) of passive and visual lead-in movements. Second, in order to gain insight into any commonality between the neural resources employed in passive and visual lead-in movements, we also investigate how adaptation transfers between these two different lead-in modalities.

Methods {#sec002}
=======

Experimental design {#sec003}
-------------------

### Subjects {#sec004}

Sixteen human participants were randomly allocated to two experimental groups that each performed one experiment. Eight participants (7 female, aged 24.8 ± 5.0 years, mean ± sd) performed the passive lead-in experiment. Eight further participants (6 female; aged 27.4 ± 6.7 years) participated in the visual lead-in experiment. All participants were right handed according to the Edinburgh handedness questionnaire \[[@pone.0228083.ref022]\], and naïve to the aims of the study. All participants provided written informed consent to the protocol before participating in the experiment, which had been approved by the University of Cambridge Ethics Committee. The methods were carried out in accordance with the approved guidelines. Some of the data (visual lead-in experiment) was previously presented in a conference paper \[[@pone.0228083.ref023]\].

### Apparatus {#sec005}

Experiments were performed using a vBOT planar robotic manipulandum and its associated virtual reality system \[[@pone.0228083.ref024]\]. Handle position is measured using optical encoders sampled at 1000 Hz, and motors operating under torque control allow the application of end-point forces. A force transducer (Nano 25; ATI), mounted under the handle, measures the applied forces, and its output signals were low-pass filtered at 500 Hz using analogue 4^th^ pole Bessel filters prior to digitization. To reduce body movement, participants were seated in a sturdy chair in front of the apparatus and firmly strapped against the backrest with a four-point seatbelt. During an experiment, participants grasped the robot handle in their right hand while their right forearm was supported by an air sled, constraining arm movement to the horizontal plane. Participants could not view their hand directly. Instead veridical visual feedback was used to overlay images of the starting location, via point, final target, (all 1.25 cm radius disks) and a hand cursor (0.5 cm radius red disk) using the virtual reality system. This ensured that the visual cursor appeared to the participant in the same plane and at the same location as their hand. Data was collected at 1000 Hz and logged to disk for offline analysis using Matlab (Matlab, The MathWorks Inc., Natick, MA, USA).

### Force fields {#sec006}

In the adaptation movement, participants performed reaching movements either in a null field condition, a velocity-dependent curl force field \[[@pone.0228083.ref014]\], or a mechanical channel \[[@pone.0228083.ref025]\]. The curl force field was implemented as: $$\begin{bmatrix}
F_{x} \\
F_{y} \\
\end{bmatrix} = k\begin{bmatrix}
0 & {- 1} \\
1 & 0 \\
\end{bmatrix}\begin{bmatrix}
\overset{˙}{x} \\
\overset{˙}{y} \\
\end{bmatrix}$$ where the field constant k was set to a value of ±16 Nm^-1^s, and the sign determines the direction (CW or CCW) of the force-field. Each participant experienced both force field directions. The direction of the force field was always associated with a specific direction of a prior contextual movement. The relationship between the contextual movement direction and curl field direction (CW/CCW) was counterbalanced across participants.

Mechanical channel trials were implemented using a spring constant of 6,000 Nm^-1^ and a damping constant of 30 Nm^-1^s perpendicular to the direction of motion throughout the movement between the central location and the final target. Channel trials were only produced on the movements to the 0° target with corresponding lead-in movements starting at 135° or 225°, and never presented on consecutive trials.

Protocol {#sec007}
--------

Two separate experiments were performed to examine the generalization of the learning associated with one contextual movement to other contextual movements with different kinematic profiles (within the same modality), as well as the transfer of learning between passive and visual lead-in conditions (across the modalities).

After an initial pre-learning session in a null field, participants were exposed to the curl force fields (learning phase). Channel trials were used to examine adaptation to the novel dynamics, in which the lead-in movement duration, speed and distance were varied. In addition, the modality of the lead-in movement was occasionally changed to examine transfer. The trial parameters for both experiments are shown in [Table 1](#pone.0228083.t001){ref-type="table"} and the kinematics of the lead-in movements can be seen in [Fig 1](#pone.0228083.g001){ref-type="fig"}. On these trials, the lead-in movement was chosen from one of 15 different movements with distances ranging from 3 cm to 20 cm and durations ranging between 210 ms to 1400 ms.

![Kinematics of lead-in movements used for testing generalization.\
**A** Profiles of movement distance versus duration of lead-in probe conditions across all conditions. Thick black line indicates the training lead-in motion. Colors indicate specific conditions that are matched across duration (red), peak speed (green), or duration (blue). **B** Lead-in movement kinematics of peak speed as a function of duration.](pone.0228083.g001){#pone.0228083.g001}

10.1371/journal.pone.0228083.t001

###### Durations, distances and peak velocities of the lead-in movements for the training and generalization conditions.

Passive and visual lead-in movements are represented by P and V respectively. The P/V Training condition used a passive lead-in for experiment 1 and with a visual lead-in for experiment 2. In both experiments, test trials with a passive lead-in and a visual lead-in were performed with the same kinematics as the training conditions. Similarly, a P/V channels represents channel conditions used with a passive lead-in for experiment 1 and with a visual lead-in for experiment 2. The Reverse V Channel was used with a visual lead-in in both experiments.

![](pone.0228083.t001){#pone.0228083.t001g}

  *Condition*           *Duration \[ms\]*   *Distance \[cm\]*   *Peak velocity*
  --------------------- ------------------- ------------------- -----------------
  *P/V Null/Training*   *700 ms*            *10 cm*             *26*.*8 cms-1*
  *P Channel*           *700 ms*            *10 cm*             *26*.*8 cms-1*
  *V Channel*           *700 ms*            *10 cm*             *26*.*8 cms-1*
  *P/V Channel*         *1400 ms*           *20 cm*             *26*.*8 cms-1*
  *P/V Channel*         *1050 ms*           *15 cm*             *26*.*8 cms-1*
  *P/V Channel*         *420 ms*            *6 cm*              *26*.*8 cms-1*
  *P/V Channel*         *210 ms*            *3 cm*              *26*.*8 cms-1*
  *P/V Channel*         *1400 ms*           *10 cm*             *13*.*4 cms-1*
  *P/V Channel*         *1050 ms*           *10 cm*             *17*.*9 cms-1*
  *P/V Channel*         *420 ms*            *10 cm*             *44*.*6 cms-1*
  *P/V Channel*         *350 ms*            *10 cm*             *53*.*6 cms-1*
  *P/V Channel*         *700 ms*            *20 cm*             *53*.*6 cms-1*
  *P/V Channel*         *700 ms*            *15 cm*             *40*.*2 cms-1*
  *P/V Channel*         *700 ms*            *6 cm*              *16*.*1 cms-1*
  *P/V Channel*         *700 ms*            *3 cm*              *8*.*0 cms-1*
  *P/V Channel*         *1050 ms*           *20 cm*             *35*.*7 cms-1*
  *P/V Channel*         *350 ms*            *3 cm*              *16*.*1 cms-1*
  *Reverse V Channel*   *700 ms*            *10 cm*             *-26*.*8 cms-1*

### Trial organization {#sec008}

All trials consisted of a two-part movement: An initial lead-in movement followed directly by an adaptation movement. The first part was a contextual lead-in movement from a starting location to a central via point. This contextual lead-in movement was 10 cm in length during all null and force field training conditions. The second part was an 18 cm adaptation movement to the final target. The participants only experienced a force field or channel trial during this adaptation part of the movement. Defining angular locations relative to the via point, in each experiment there were two target locations, at 0° and at 270° respectively. The 0° target location was associated with lead-in start locations at +135° and 225°, and the 270° target location was associated with lead-in start locations at +45° and 135°. For each target location, the associated start locations were indicative of the direction of the curl force field on the adaptation movement (clockwise or counter-clockwise). All in all, this resulted in four possible distinct two-part movements (combinations of lead-in and adaptation movement).

[Fig 2A--2C](#pone.0228083.g002){ref-type="fig"} shows start and target locations only for the 0° target location case. When the lead-in starts from the 225° location, the adaptation movement is associated with a CW field ([Fig 2A](#pone.0228083.g002){ref-type="fig"}). When the lead-in starts from the 135° location, the adaptation movement is associated with a CCW field ([Fig 2B](#pone.0228083.g002){ref-type="fig"}). [Fig 2C](#pone.0228083.g002){ref-type="fig"} shows one of the two possible channel trials, in this case with the lead-in starting from the 225° location (the other case is with a lead-in from the 135° start location but is not shown here). This relationship between starting location and the CW and CCW field directions shown here was switched for half of the participants, to counterbalance the relationship of lead-in direction and field direction across the experiments.

![Experimental design.\
**A-C**: Passive lead-in generalization experiment. **A** Participants first experienced an initial passive lead-in motion from a starting position (grey circle, shown here at 225°) to the central target (green circle) and then immediately made a second active movement to the target (yellow circle shown here at 0°) on which a curl force field (blue arrows) could be applied. **B** An initial movement from a different starting target (shown here at 135°) was associated with the opposite force field on the second movement. The direction of curl force field and lead-in movements were counterbalanced across participants. **C** In order to examine learning rate and generalization, random trials in which the contextual movement (shown here at 225°) was followed by a mechanical channel on the second movement to the target were applied. **D-F**: Visual lead-in generalization experiment. **D** Participants initially observed an initial visual cursor movement (red circle) from the grey starting circle to the central target (green circle). Once the cursor entered the central target, participants immediately performed a second active movement to the target (yellow circle) on which a curl force field (blue arrows) could be applied. **E** An initial cursor movement from a different starting target was associated with the opposite force field on the second movement. **F** On random trials, after the visual lead-in motion, a mechanical channel was applied on the active movement to the target to measure predictive compensation.](pone.0228083.g002){#pone.0228083.g002}

### Session design {#sec009}

As training an interference paradigm can take a significant number of trials and a large number of channel trials were required to collect the generalization data and enable low variance estimation of compensation to be made, each experiment was performed in two separate sessions on different days. This procedure was adopted to limit fatigue effects that might have been experienced from one single long experimental session. As some forgetting may result between sessions, the second session commenced with another training phase before proceeding with the generalization phase. In total, there were 1546 and 1580 trials on days 1 and 2 respectively, leading to a total of 3126 trials overall. In particular there were 2248 training field exposure trials and 544 channel trials use to probe generalization characteristics.

### Probe trials {#sec010}

In order to probe the generalization characteristics there were 17 different lead-in conditions for the channel trials ([Table 1](#pone.0228083.t001){ref-type="table"}). Each lead-in was performed from the two possible starting locations to probe recall of both the CW and CCW field contexts. This gave rise to a total number of 34 distinct channel trial lead-ins (17 x 2 starting locations). Each of these 34 distinct channel trials was repeated 16 times during the generalization phases of the experiments. These generalization lead-in conditions were always followed by a channel trial on the adaptation movement. Fifteen of these seventeen lead-in movements were chosen to sample lead-in distances between 3--20 cm, peak speeds between 8.04--53.57 cms^-1^ and durations between 210--1400 ms ([Fig 1](#pone.0228083.g001){ref-type="fig"}). One of these 15, had the exact motion as the training movements ([Fig 1](#pone.0228083.g001){ref-type="fig"}, black line). The sixteenth lead-in movement was designed to test transfer between passive and visual lead-in movements. That is, in the passive lead-in experiment, this lead-in was a visual lead-in with the same kinematics as the training movement. In the visual lead-in experiment this was a passive lead-in movement. Finally, the seventeenth condition was a reversed visual cursor condition. This "lead-away" condition was similar to a lead-in movement between a start and via-position, except the cursor started at the central via-point and moved to what was previously the start position. This condition examined if the reversal of visual motion would still lead to a recall of dynamics during the second probe phase, or whether the form of visual movement needed to be consistent with the lead-in movement used during training to elicit an appropriate contextual effect or transfer. Both the trained lead-in probe trial and the opposite modality lead-in probe trials were also repeated throughout the pre-exposure and training phase of experiment, such that each was repeated a total of 38 times. The trained lead-in probe trials provided a means to assess learned compensation as the experiment progressed.

### Trial block organization {#sec011}

The experiment was organized in blocks. These blocks contained different numbers and types of trials in the pre-exposure, training and test phases of the experiment. Within a block, trials were sorted pseudo-randomly, with the constraint that channel trials were not allowed to be adjacent or the first trial in a block. Participants were required to take short rest breaks approximately every 200 trials (195--205 trials) but could rest at any time between trials. The blocks and trials were organized as follows:

Day 1 {#sec012}
-----

### Pre-exposure {#sec013}

The pre-exposure phase started with 2 blocks of 40 trials. A block consisted of 36 Null trials and 4 channel trials. The four channel trials were 2 channel trials in the training condition (one for each lead-in direction) and 2 channel trials in the transfer condition (that is, in the other modality, with one trial for each lead-in direction). The 36 null trials were evenly split between movements to the 0° direction target and the 270° direction target, with equal numbers of each lead-in direction for each target (9 repetitions of each of the four trial types). Next, participants were provided with three repetitions of each of the 17 generalization channel trials for each of the two possible lead-in directions (102 generalization condition channel trials) to ensure prior experience of all the generalization trial conditions. Finally, 2 blocks of 40 trials were again performed as described above (36 null and 4 channel).

### Field-exposure training {#sec014}

During the exposure phase, participants were exposed to the curl force fields during the adaptation movement. This phase consisted of 12 blocks of 40 trials (36 field trials and 4 channel trials in a block) arranged as in the pre-exposure phase. This was a total of 480 trials (432 force field trials, 24 training condition channel trials and 24 transfer condition channel trials).

### Generalization testing {#sec015}

This phase examined generalization of the learned predictive compensation by pseudo-randomly interspersing curl force field trials with trials in which channel trials were preceded by the full range of contextual 34 movements (17 different generalization trial types x 2 lead-in directions). The generalization phase consisted of 6 blocks of 134 trials. Each block consisted of one of each of the 34 channel trials and 100 curl force field trials (25 of each of the four types). This provided 6 repetitions of each of the 34 generalization channel trials. In this phase there was a total of 804 trials (600 curl field trials and 204 generalization channel trials).

Day 2 {#sec016}
-----

### Exposure training {#sec017}

At the beginning of the second session, training was briefly resumed. The phase consisted of 6 blocks of 40 trial blocks (36 curl field trials + 4 channel trials) for a total of 240 trials.

### Generalization testing {#sec018}

Similar to the session of Day 1, participants performed 10 blocks of 134 trials (Total 1340 trials: 1000 curl field trials and 340 generalization condition channel trials), such that each of the 34 different probe trials (17 x 2 lead-in directions) was repeated 10 times.

Experiment 1. Passive lead-in movements {#sec019}
---------------------------------------

In experiment 1, the contextual lead-in movement was comprised of passive movement of the participant's hand. This passive movement was produced by the robotic manipulandum passively moving the participant's hand while no cursor was presented. Each trial began by displaying the start location for the lead-in movement, the central location and final target. The vBOT then moved the participant's hand to the lead-in start location. Once the handle was stationary within the start location for 300 ms, a beep was generated indicating the start of the trial. At this time, the handle of the robotic system moved to the central via-point following a minimum jerk trajectory. The training contextual movement was a 10 cm movement of duration 700 ms. Once the hand reached the central location, participants were required to produce an active adaptation movement from the central location to the final target location. The dwell time of the hand within the central via point was required to be between 0--250 ms, otherwise a warning was provided. If dwell time exceeded 500 ms then the trial was aborted and repeated. If the second movement (adaptation movement) duration was between 450 ms and 600 ms a "Great" message was displayed; otherwise an appropriate "Too Fast" or "Too Slow" warning was shown. Force fields and channel trials were only ever presented during this second movement.

Experiment 2. Visual lead-in movements {#sec020}
--------------------------------------

Experiment 2 had a similar design to Experiment 1 and used the same block structure. The only difference was that the contextual lead-in movements for both training and generalization testing consisted of a visual movement of the cursor. This is illustrated in [Fig 2D--2F](#pone.0228083.g002){ref-type="fig"} for the 0° target location condition. The training contextual lead-in movement again followed a minimum jerk trajectory of duration 700 ms from the start to the central location. During this time, the participant's hand remained stationary at the central location. Immediately after the cursor reached the central location, the participant made an active reaching adaptation movement from the central location to the final target. The same variations of generalization movement trials were performed (but with visual instead of passive motion). In addition, a transfer condition was used in which a passive movement lead-in was performed. Again, a reversed visual cursor condition was also employed.

Participant instructions {#sec021}
------------------------

Verbal instructions were used to instruct participants how to take part in the experiments. Participants were first asked to read the ethics form and sign if they wished to proceed with the experiment, which would last a few hours over two days.

Participants in the passive condition were informed that at the start of a trial that the robot would pull them to the via point and they were required to immediately try to move to the target. They were told that this robot pulled movement could come from different directions or with different lengths of movements, but that their task was the same--to make a movement from this via-point to the target. They were asked to move briskly and that feedback on movement speed and any start delay would be reported after each trial. Specifically, they were informed that the movement should be a point-to-point goal directed reaching movement completed in a single movement without overshooting or undershooting the target. They were informed that they should go roughly straight to the target using a natural relaxed movement. They were also told that at some point during the experiment some kind of disturbance would occur in which the machine might push them to the left or the right of their movement and disturb their trajectory. They were also informed that to complete the movement they need to get the cursor to the target regardless of this disturbance. Finally, they were also informed that approximately every 200 trials there would be a short break. They were also made aware that they could take a break at any time if they released the handle switch on the robot. Instructions for the visual condition were identical, except participants were informed that on commencement of a trial the cursor would move to the center position while their hand was stationary at a via point, and then they were required to try to move quickly to the target, as in the passive experiment.

Data analysis {#sec022}
-------------

The experimental data was analyzed offline using Matlab R14. Statistics to examine differences between the generalization from visual lead-in and passive lead-in movements were performed in JASP 0.11.1 (JASP Team, 2019) using a repeated measure ANOVA. T-tests were performed within Matlab. To examine learning, kinematic error on the adaptation movements and force compensation on the channel trials were used.

### Kinematic error {#sec023}

The kinematic error was calculated on the adaptation portion of the movement, but only during the null and curl field trials. To be consistent with our previous work, this was quantified as the maximum perpendicular error (MPE) for each trial, which is the maximum deviation of the hand path to the straight line joining the movement starting location to the target. It was necessary to have different experimental block sizes in various phases of the experiment to accommodate the training and generalization trials. Therefore, to calculate a consistent averaged-across-trials of MPE, an analysis block size of 8 was chosen, because this number of trials could be used consistently throughout the experiment. During calculation of the analysis block MPE average, the sign of each trial MPE was flipped appropriately so that results from CW and CCW field trials could be averaged together. The mean and standard error (SE) of the averaged-across-trials MPE values was then computed across all participants.

### Force compensation {#sec024}

On each channel trial, during the adaptation movement between the via point to the final target, velocity of the movement towards the target and the force exerted by participants perpendicularly into the wall of the simulated channel were simultaneously recorded at 1000Hz, to enable the estimation of predictive feedforward adaptation \[[@pone.0228083.ref025]\], which is an established technique in the analysis of dynamic learning in viscous curl fields \[[@pone.0228083.ref026]\]. Using this paradigm, the channel clamps movement perpendicular to the direction of movement to small values by resisting it using a high spring constant (6000 Nm^-1^) as well as viscous damping (30 Nm^-1^s), thereby minimizing lateral movement error. As there is no lateral error on these trials, there is no error-induced feedback component. Since channel trials occur sparsely within blocks of curl fields trials, this means that any measured perpendicular force exerted into the channel will be dominated by the predictive feedforward force that has been learned to compensate the curl field.

To estimate the level of force field compensation of the participant, the measured perpendicular channel force samples during movement along the channel were regressed against their corresponding forward velocity samples scaled by curl field strength. This calculation was performed for each movement over the period from leaving the via-point until entering the target. This yielded an estimate of the level of force compensation present in each channel trial \[[@pone.0228083.ref026]\]. For each participant, the force compensation values were averaged across 2 sign-corrected sequential channel trials (since they corresponded to opposite curl field directions). The mean and standard error (SE) of compensation was then computed across participants. This method to assess adaptation to the novel dynamics is preferable to relying on a reduction in kinematic error during force field learning, since the latter can also arise from muscle co-contraction \[[@pone.0228083.ref027]--[@pone.0228083.ref029]\].

Results {#sec025}
=======

In the passive lead-in experiment, participants performed active reaching movements to a target after being passively moved from a start position to a central target. After initial movements in a null field, participants were presented with a curl force field during the active movement. The direction of the curl field depended on the angle between the passive movement and active movement ([Fig 2A and 2B](#pone.0228083.g002){ref-type="fig"}). When presented with the curl force field, participants' adaptation movements were disturbed, producing large errors that were gradually reduced over the exposure phase ([Fig 3A](#pone.0228083.g003){ref-type="fig"}). Throughout the experiment channel trials were introduced on random trials in order to measure the predictive force compensation throughout adaptation ([Fig 2C](#pone.0228083.g002){ref-type="fig"}). Over a similar timescale as the reduction in kinematic error, force compensation increased, reaching just over 62% compensation averaged over both force fields ([Fig 3B](#pone.0228083.g003){ref-type="fig"}). A small but significant increase in the kinematic error can be seen between day 1 and the start of day 2 (paired t-test between final block on day 1 and first block on day 2: t~7~ = 3.49; p = 0.01), but the associated decrease in force compensation was not significant (t~7~ = 2.09; p = 0.075). Compensation to each field direction separately is shown in [Fig 3F](#pone.0228083.g003){ref-type="fig"}. The final levels of force compensation (mean of final 4 blocks) were not significantly different between the two lead-in directions (paired t-test: t~7~ = 0.743; p = 0.48).

![Adaptation to two opposing force fields.\
**A** Mean and SE of MPE across over 8 participants for the passive lead-in experiment as a function of blocks of 8 trials. **B** Mean and SE of percentage force compensation for pairs of channel trials (one for each force field direction) throughout the passive lead-in experiment where the lead-in movement was the same as the training trials. **C** Mean and SE of percentage force compensation as B but showing compensation for each field direction separately. **D** Mean and SE of MPE for the visual lead-in experiment. **E** Mean and SE of percentage force compensation for the visual lead-in experiment. **F** Mean and SE of percentage force compensation as E but showing compensation for each field direction separately.](pone.0228083.g003){#pone.0228083.g003}

Participants in the visual lead-in experiment performed a similar protocol but where the lead-in movements were purely visual in nature ([Fig 2D--2F](#pone.0228083.g002){ref-type="fig"}). Again, when presented with the curl force field, participants' adaptation movements were disturbed, producing large errors that were gradually reduced over the exposure phase ([Fig 3D](#pone.0228083.g003){ref-type="fig"}). Again, a small but not significant reduction in the force compensation (t~7~ = 1.67; p = 0.14) and a small but significant increase in the kinematic error (t~7~ = 4.19; p = 0.004) can be seen between day 1 and the start of day 2 (final block day one compared to first block day 2 with paired t-test). Over a similar timescale, force compensation increased, reaching approximately 70% compensation averaged over both force fields. Mean and SE of percentage force compensation showing compensation for each field direction separately is shown in [Fig 3F](#pone.0228083.g003){ref-type="fig"}. The final levels of force compensation (mean of final 4 blocks) were again not significantly different between the two lead-in directions (paired t-test: t~7~ = 0.402; p = 0.70).

On random trials late in the adaptation phase, channel trials were applied with a range of different lead-in movement kinematics ([Fig 1](#pone.0228083.g001){ref-type="fig"}) in order to examine generalization. After learning the force fields with the passive lead-in movement, variations in the kinematics of this lead-in movement produced a range of generalization levels ([Fig 4A](#pone.0228083.g004){ref-type="fig"}). As the testing lead-in movements varied further away from the training kinematics the predictive force level decreased. A repeated measures ANOVA with a within subject effect of lead-in kinematics (15 levels) demonstrated a significant main effect (F~14,98~ = 33.057; p\<0.001). A similar finding is shown for the generalization after learning a visual lead-in movement ([Fig 4B](#pone.0228083.g004){ref-type="fig"}). Although in this condition only small decreases in the predictive force are seen over a wide range of changes in the lead-in kinematics, the repeated measures ANOVA again showed a significant main effect of lead-in kinematics (F~14,98~ = 23.397; p\<0.001) demonstrating that the lead-in kinematics affected the predictive force on these channel trials.

![Generalization surface plots for passive and visual lead-in movements.\
**A** Surface plot of generalization for passive lead-in movements. The percentage force compensation is represented by color and plotted against lead-in duration and lead-in distance. The black circle with a white center indicates the result at the training condition. The solid black dots indicate points for which measurements were made on probe trials. The black dotted lines correspond to conditions with the same training lead-in distance of 10 cm, same training lead-in duration of 0.7s or same training lead-in speed of 26.8 cm/s. The legend shows the correspondence between color and percentage perfect force compensation. **B** Surface plot of generalization for the visual lead-in condition.](pone.0228083.g004){#pone.0228083.g004}

Across the different lead-in movement kinematics, several conditions had the same duration, peak velocity or distance as the learned training condition (dotted lines in [Fig 4](#pone.0228083.g004){ref-type="fig"}). We examined the predictive force compensation values over these conditions in more detail along iso-contours for lead-in distance, duration and speed ([Fig 5](#pone.0228083.g005){ref-type="fig"}). Significant differences for select comparisons are reported from post-hoc tests following the significant main within subject effect of the repeated measures ANOVA reported above (Holm corrected for multiple comparisons across all 15 levels). The results for the passive lead-in condition show strong variations over changes in lead-in duration, distance and speed ([Fig 5A--5C](#pone.0228083.g005){ref-type="fig"}).

![Generalizations results for both passive and visual lead-in conditions plotted for fixed values of lead-in distance, lead-in duration and lead-in speed.\
**A-C** Results of passive lead-in experiments. The dotted lines indicate the training values of lead-in distance and lead-in duration. Error bars indicate standard error of the mean. Significant differences are indicated for post-hoc comparisons (Holm corrected for multiple comparisons). **A** Effect of changing lead-in duration for fixed 10 cm lead-in distance. In this panel, lead-in distance is held constant and the movement duration (shown on the x-axis) and speed vary. **B** Effect of changing lead-in distance (and peak speed) across conditions with a fixed 700 ms lead-in duration. **C** Effect of changing lead-in duration (and distance) across conditions with a fixed 26.8 cm/s lead-in speed. **D-F** Corresponding results for visual lead-in condition.](pone.0228083.g005){#pone.0228083.g005}

In panel A, lead-in distance is constant and the movement duration (shown on the x-axis) and speed vary. In panel B, lead-in duration is constant and the movement distance (shown on the x-axis) and speed vary. In panel C, lead-in speed is constant and the movement duration (shown on the x-axis) and the distance vary. The dotted lines indicate the training values of lead-in distance and lead-in duration. It can be seen that the recall of predictive compensation was strongly affected by changes in the duration of the movement (shown for constant distance conditions in [Fig 5A](#pone.0228083.g005){ref-type="fig"} and constant speed conditions on [Fig 5C](#pone.0228083.g005){ref-type="fig"}). There was a strong tuning effect centered around the movement duration used for training ([Fig 5A](#pone.0228083.g005){ref-type="fig"}). Specifically, compared to the training value, the force compensation significantly decreased as movement duration either increased to 1.4s (p = 0.016) or decreased to 0.35s (p = 0.033). Similar results were seen for a constant peak speed ([Fig 5C](#pone.0228083.g005){ref-type="fig"}), but while compensation significantly decreased as movement duration decreased to 0.21s (p = 0.01) this did not reach significance for the longer duration (p = 0.062). However, changing lead-in distance produced different effects. While reducing lead-in distance to 3cm reduced compensation (p = 0.004), increasing movement distance from the training value to 20cm had essentially no effect (p = 1.0) as shown in [Fig 5B](#pone.0228083.g005){ref-type="fig"}.

In the visual lead-in condition, we found a slightly less pronounced reduction in recalled compensation as the some of the kinematics were varied while others remained constant ([Fig 5D--5F](#pone.0228083.g005){ref-type="fig"}). Again, it can be seen that compensation was affected by changes in the duration of the movement, with compensation significantly falling off as movement duration decreased to 0.35s (p\<0.001). Although there was a tuning effect centered around the movement duration used for training, as duration deviated from the training value the fall off was appeared less pronounced than in the passive lead-in condition ([Fig 5D](#pone.0228083.g005){ref-type="fig"}). Similar results were seen for a constant peak speed ([Fig 5F](#pone.0228083.g005){ref-type="fig"}), with compensation significantly falling off as movement duration decreased to 0.21s (p\<0.001). However, as the training distance varied but duration was fixed ([Fig 5E](#pone.0228083.g005){ref-type="fig"}, we found no significant differences (all p\>0.1).

After adaptation in the two experiments, the asymptote of force compensation was slightly higher in the visual lead-in (68.8 ± 5.3%) compared to the passive lead-in (62.7 ± 6.0%) conditions (Students t-test, t~7~ = 2.191; p = 0.046). If we compare the generalization of the predictive compensation across the two experiments, we can see one major finding; namely that the overall tuning effects were more pronounced for the passive lead-in condition compared to the visual lead-in condition. Visual lead-in generalization showed less sensitivity to variations in lead-in kinematics. Indeed, whereas passive lead-ins resulted in a 2D monotonic curved surface in the dimensions of duration and distance ([Fig 4A](#pone.0228083.g004){ref-type="fig"}), the corresponding surface for visual lead-ins ([Fig 4B](#pone.0228083.g004){ref-type="fig"}) exhibits a large region consisting of a flat planar surface. To test if this difference in the generalization across kinematics between passive and visual lead-in movements is statistically significant, we performed ANOVAs on the force compensation results (with main effects of kinematic condition (14 levels) and lead-in modality (2 levels: visual or passive). To do so, the force compensation for each testing condition was normalized with respect to the value at the trained condition for each participant. We then compared the generalization across kinematic conditions using a repeated measures ANOVA with a repeated measure factor of lead-in condition (15 levels) and between subject factors of experimental condition (2 levels: passive and visual lead-ins). We report the Greenhouse-Geisser sphericity corrected values. There was both a significant main effect of lead-in condition (F~5.127,71.782~ = 56.627; p\<0.001), experimental condition (F~1,14~ = 8.073; p = 0.013), and interaction between these two (F~5.127,71.782~ = 3.061; p = 0.014). As the predicted force compensation level was normalized to 100% for the training condition, the presence of a significant main effect of experimental condition demonstrates that there were differences between the shape of this generalization between the passive and visual lead-in movements. This highlights a clear difference between visual inputs and passive inputs as a contextual signal for motor adaptation, extending our previous findings \[[@pone.0228083.ref010],[@pone.0228083.ref011]\].

We also investigated how learning opposing force fields with contextual cues in one sensory modality would transfer to the other sensory modality. To investigate this, occasional channel trials were used with a lead-in in the other modality. It can be seen that there is asymmetric transfer between passive lead-in and visual lead-in movements ([Fig 6](#pone.0228083.g006){ref-type="fig"}). Although there was partial transfer from passive to visual lead-in movements ([Fig 6A](#pone.0228083.g006){ref-type="fig"}) with values reaching just above 20%, there was much less transfer from visual to passive lead-in movements ([Fig 6B](#pone.0228083.g006){ref-type="fig"}) with values just under 10%. To compare the level of transfer between the two modalities, the transferred adaptation was scaled according to the final level of adaptation in each experiment and compared using a t-test. The transfer from passive to visual (35.2% ± 12.1%; mean ± std) was significantly larger (t~14~ = 3.966; p = 0.0014) than the transfer from visual to passive (13.0% ± 10.2%). Thus, there is a clear asymmetry between the transfer of adaptation between these two sensory modalities.

![Comparison of transfer across sensory modality or to reversed visual cursor.\
**A** Transfer from passive lead-in to visual lead-in or reversed visual lead-in. For comparison the learned force compensation on passive movements is shown. Black circles indicate the results of individual participants. Error bars indicate standard error of the mean. **B** Transfer from visual lead-in to passive lead-in or reversed visual lead-in.](pone.0228083.g006){#pone.0228083.g006}

Finally, we examined how learning the visual lead-in movement would transfer to a completely reversed visual cursor (with the same duration and distance). To balance conditions and the number of trials across experiments, this was also tested for the passive lead-ins. To compare between the two experiments, the predictive compensation of the reversed visual cursor was scaled by the predictive compensation on the training condition. There was no significant difference in transfer to reverse visual movement between participants trained with passive lead-in movements (22.7% ± 17.3; mean ± std) versus those trained with visual lead-in movements (29.3% ± 23.0) using a t-test (t~14~ = 0.641; p = 0.53). This shows that the predictive compensation is sensitive to the direction of the visual motion.

Discussion {#sec026}
==========

We investigated the kinematic generalization characteristics of passive and visual lead-in movements using a force field interference paradigm. Participants first experienced a lead-in movement and then immediately made an active movement in a curl force field where the field direction was associated with the lead-in movement. Channel trials within the active movement examined how predictive compensation varied as lead-in kinematics were varied. In the first experiment lead-in movements were passive, whereas in the second experiment they were visual. For both modalities, recall of predictive compensation decreased as the duration of the lead-in movements deviated from the training condition. Reducing lead-in distance also reduced compensation but increasing lead-in distance had little effect on the force generalization. Our results show that although passive and visual lead-in movements influence memory formation and recall in subsequent movement, passive motion exhibits narrower generalization characteristics, whereas visual motion is less sensitive to kinematic change.

These generalization results further characterize the neural tuning exhibited by lead-in movements, extending beyond the directional tuning seen previously. The observation that passive lead-ins were more sensitive to changes in kinematics than visual lead-ins is consistent with the prior observations examining angular generalization \[[@pone.0228083.ref010],[@pone.0228083.ref011],[@pone.0228083.ref015]\]. Namely that active and passive tuning was narrower than the wider tuning seen in the visual condition.

Here we describe this gradual change in the predictive force output on the adaptation movement as the lead-in motion is changed as generalization. We suggest that this generalization arises due to implicit learning mechanisms within the sensorimotor system. Although it has been shown that explicit strategies can play a role in learning visuomotor rotations \[[@pone.0228083.ref030]--[@pone.0228083.ref032]\], studies in force field learning have shown very little contribution of these explicit strategies \[[@pone.0228083.ref033]\]. Could the participants somehow predict the presence of channel trials and therefore stop to compensate for the force field? As the participants have no knowledge of the experiment, including the existence of channel trials interspersed between the field trials, and never experience errors during these specific trials, we suggest that this would be extremely unlikely. Moreover, we find no decrease in the force compensation between the very first block of generalization trials to the full results over the two-day experiment. Nevertheless, it is useful to consider alternative explanations to our observations. For example, while the direction of the force field depended on the lead-in direction, variations in the lead-in motion were never used to produce changes in the forces arising from the force field. Thus, one simple cognitive strategy could be that participants have simply learned a binary left-right mapping to the force fields, in which case we would see a constant predictive compensation for all variations of the lead-in kinematics. However, we discount this binary association hypothesis since it can be seen that variations in the kinematics of the passive (and to a lesser extent visual) lead-in movements produced clear variations in the predictive forces. This shows that the learning of this mapping was at least partially local and associated with the specific kinematics of the lead-in movement. The continuous nature of this effect, which exhibits a smooth transition in compensation between training conditions, also agrees with what was seen previously for angular generalization for both passive \[[@pone.0228083.ref010]\] and visual lead-in movements \[[@pone.0228083.ref011]\].

More recently it was shown that the tuning characteristics of different lead-in modalities could explain why angular variability of active lead-in movements affects the learning rate in two-part movement tasks, whereas no such effect exists for visual lead-in movements \[[@pone.0228083.ref004]\]. Our current results suggest that variations in the speed or duration of lead-in movements could provide similar decrements in learning rate, whereas an increase in movement distance would not have much effect. This might have important implications for rehabilitation, suggesting learning and recovery would be faster for training routines with consistent lead-in kinematics. One caveat is that such routines might also produce less generalization across tasks, as the adaptation is more likely to be learned specifically for the trained lead-in movement.

In both experiments, to examine transfer of adaptation across modality, a visual lead-in cursor motion occasionally replaced the passive lead-in, and vice versa. Interestingly, there was an asymmetric transfer between passive and visual lead-in movements, with partial transfer from passive lead-in movements to visual lead-in movements, but almost no transfer from visual to passive lead-in movements. Transfer could arise because passive lead-in movement partially engages neural mechanisms shared by the visual observation of movement, but not the converse. This result may be due to asymmetry in the connections between the neural substrates. Alternatively, it could arise because the visual feedback pathway has a lower gain due to the uncertainly introduced by the longer time delay associated with visual information \[[@pone.0228083.ref034]\]. The current observation that passive lead-in are more strongly tuned in duration than visual lead-ins, as well as the former results that the absolute level of influence of passive lead-ins \[[@pone.0228083.ref010]\] is higher than for visual lead-in \[[@pone.0228083.ref011]\] supports the latter hypothesis.

The wide ranging results from studies examining contextual cues for learning opposing dynamics have demonstrated that not all sensory signals are able to influence motor learning \[[@pone.0228083.ref015],[@pone.0228083.ref020],[@pone.0228083.ref035]--[@pone.0228083.ref041]\]. For example, color has essentially no effect \[[@pone.0228083.ref020]\]. In addition to the strong effects of prior movements, it has been shown that particularly effective contextual cues relate to state; for example limb state and physical locations \[[@pone.0228083.ref042],[@pone.0228083.ref043]\], or different visual locations of the cursor and targets \[[@pone.0228083.ref037]\]. Indeed, a location cue could constitute a complete physical shift of the movement task, or just a shift of one of its two essential components; namely a change in the location of the visual feedback, or a change in the physical location of the task with identical visual feedback. Other experiments have shown that future state also effects motor learning in an analogous way \[[@pone.0228083.ref003]\], with this effect depending on movement planning rather than execution \[[@pone.0228083.ref005]\].

On the face of it, it appears that there are multiple types of contextual cues that strongly influence motor memory formation. Here we propose that a factor they all have in common is that they are related to either past, current, or future state of the limb; or are signals used in the estimation of such limb states. That is, setting up the sensorimotor system in a different state before (or at the end of) a movement allows the formation and recall of different motor memories. This suggests that some contextual cues (such as visual lead-in movement or location in the visual workspace) are simply effective because the motor system makes use of these signals within a state estimation framework to determine the state of the arm. Such state estimation can only be made on the basis of sensory feedback and efference copy. This hypothesis would be consistent with the observation that visual or proprioceptive movements are as effective an active movement. It would also explain why a visual change of state can be as effective as a complete change in the physical state of the limb. Moreover, it can explain why vestibular inputs could also be used to learn opposing dynamics \[[@pone.0228083.ref015]\] but why color cues have much less effect on the adaptation system \[[@pone.0228083.ref020]\].

In order to reach with our arm to a specific location, our sensorimotor control system needs to know the initial limb state, and then activate the appropriate muscles in a specific pattern to generate forces that bring the arm into the final state to meet the task requirements. To make this movement robust in the face of noise and disturbances, this process does not simply rely on feedforward control, but makes use of sensory feedback of our arm's state, enabling online correction in any task-relevant deviation from the goal of our movement. Arm state can be estimated through the combination of appropriate sensory feedback signals such as proprioception from the skin muscles and joints, visual information, and vestibular inputs. However due to neural signal transmission and processing delays, motor responses to proprioceptive and visual feedback only start producing force after delays of 50 ms and 140 ms respectively. Such delays represent a challenge in the design of a feedback control systems, since using direct feedback from delayed signals can lead to instability.

To deal with delays in sensory feedback, Smith proposed an architecture which involves using immediate feedback from the output of a forward model of the plant, rather than the actual output of the plant itself \[[@pone.0228083.ref044]\]. In this architecture, the forward model estimates plant output without delay, thereby avoiding the instabilities that delay can introduce, Miall and Wolpert suggested that the Smith predictor architecture could account for delays in the human motor system \[[@pone.0228083.ref045],[@pone.0228083.ref046]\]. In control engineering, forward models form part of observers, which are systems used to estimate the full state of a plant, which often cannot be observed directly. Such full state estimation can be used as the basis of full state feedback control of a plant, which is more effective than only basing control on the observable plant output. As with the Smith's predictor, such observers can also be constructed to estimate plant state without the delay, providing an elegant way to control plants that have inherent delay in their sensory feedback paths.

To make an observer robust to inaccuracies in its forward model and to deal with unpredictable disturbances, there is normally a state correction pathway term based on actual output error calculated as the difference between the actual output of the plant, and an appropriately delayed prediction of plant output. This results in the state prediction based on the efference copy of the motor command being combined with a state prediction error correction term based on the delayed sensory feedback, which is something that has been shown to occur during the control of human movement \[[@pone.0228083.ref047]\].

Within such an observer-based controller framework, the observer performs state estimation for an active movement using efference copy, while improving the estimate using the delayed feedback signals. In the case of a purely visual observation or passive movement of the arm, the observer can still make a state estimate, but only based on the state corrections from feedback. From the premise that state is the key issue in formation of separate motor memory, such a framework would account for the observation that either active, passive or visual lead-in movements would influence state estimation.

To conclude, we have shown the current and previous observations of lead-in phenomena are consistent with the hypothesis that the human motor system operates as an observer-based controller mechanism, that makes use of a forward model to estimate state. In particular, our results support the proposal \[[@pone.0228083.ref034]\] that even though the variances of visual positional information is known to be lower than that obtained from proprioception, its longer temporal delay reduces its weighting in state estimation. As a consequence of this, visual information has less effect on the motor system than proprioceptive information, an effect that we have extended to the learning and generalization of opposing dynamics.

10.1371/journal.pone.0228083.r001
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Response to the Reviewers

Reviewer \#1

The authors study the link between spatio-temporal properties of lead-in movements prior to reaching in opposite force fields to address generalisation. It was found that changes in amplitude and speed of visual lead-ins had little effect on reach adaptation, whereas adaptation was affected when lead-ins were passive movements (involving somatosensory feedback) with similar variations in amplitude and speed. Overall the study is timely and interesting. The data is of good quality and the technical aspects of the research are sound. I do have several concerns and comments below, which I hope can strengthen the manuscript.

We thank the reviewer for their helpful comments on the manuscript. We address each concern in turn and indicate how we have updated the manuscript.

My first concern is linked to the theoretical framework used for interpretation. I follow the logic but I feel that the data was bent a little too much to fit in the generalisation framework, and I am not convinced that it is the best way to look at it. The main problem is that there is no statistical relationship between the lead-in movements and the force fields beyond the binary left-right info about direction. Thus, generalisation may not apply. It is perhaps more accurate to speak in terms of arbitrary association between lead-in directions and force fields, but the speed and extent of lead-ins were in fact irrelevant. Taking this into consideration the surprising finding was that the proprioceptive system seemed to not be able to form the same binary left-right association as the visual system. It sounds like a nuance but it is an important one. I believe that the main result is that different reach representations induced by somatosensory feedback depend on extent and/or speed, but it is a stretch to cast it into a generalisation study since there is no knowledge acquired about the statistics of lead-ins (again beyond binary left-right) used to predict the properties of the force field.

As the reviewer mentions this is a "nuance" such that they "are not convinced that this is the best way to look at it." We do not think that this is a critical point of the manuscript, the data are presented clearly and the reader is free to make their own judgement on these cases. However, if we must choose between the reviewers proposed binary association of lead-in direction with the force field and our generalization as the kinematics of this lead-in movement changes, then only our generalization interpretation is supported by the results. Specifically, the reviewer's proposal would predict no change in the predicted force output over the entire range of lead-in kinematics. Indeed, the reviewer makes the point that our results are "surprising" given their proposed binary interpretation. It is also important to point out that this decrement in predicted force output as the kinematics were varied occurred both for the passive and visual lead-in movements, as supported by the statistical analyses that have now been added to the manuscript. That is, the results clearly show that changing the speed and distance of the lead-in movements from the training condition values does affect the recall of compensation in both conditions. So, the results demonstrate that these kinematics are not irrelevant. However, we appreciate the different point of view and now discuss this possibility in the discussion.

A second main concern is related to the presentation of the transfer (from one modality to the other) and also to the occasional substitution with a reversed cursor motion. I still do not understand the part with reversed cursor motion and I would recommend to describe it in more detail.

We have now explained the reversed cursor condition in greater detail.

A final major concern is linked to the experimental design. In fact, it is possible that participants learned the task perfectly in the passive lead-in case since generalisation trials were always followed by a channel (lines 266-267). I do not think that it would be difficult to figure out implicitly that once passive lead-ins are not the usual ones (based on somatosensory feedback about joint angles and speed), then one can predict no force field and as a consequence express low adaptation index away from the training lead-in. In such case it would be the visual system that did not generalise. Pls discuss this possibility or better justify if the data allows to reject it. It is possible that a control experiment without a systematic association between lead-ins and channels be necessary.

If the reviewer stated correctly their point that the sensorimotor control system implicitly determines the difference between the current lead-in movement and the trained lead-in movement producing a decrease in the predicted force compensation on these trials that decreases stronger for the passive condition than the visual condition, then we agree completely as this is exactly what we are concluding from our study. We refer to this decrease in the recalled force production as the lead-in kinematics varies away from the trained movement as generalization. In this case the visual system is not as sensitive to the difference in the lead-in movements (as we explain in our discussion) leading to a broader effect (although these values still decrease). We see no difference between this and what we discuss in our paper. Note that this reduction in predictive force compensation can be seen even in the very first channel trial (Additional Fig 1 & 2 below).

Specific comments:

Lines 33-34: "neural tuning of memory formation in state space": this sentence make the abstract sound too focused and technical.

We have removed this statement in the abstract.

Lines 36-37: The link between kinematics of passive and visual lead-ins is very difficult to understand in the first pass and it is not clearly linked to the proposed gap in knowledge about how kinematics impact the representation of the next movement.

We have re-written this section. However, given the word limits for the abstract, further description in provided in the introduction where these aspects are described in more detail.

Abstract: overall difficult to follow at first.

We have revised the abstract.

Intro: I felt that "lead-in" movement could be defined in more detail earlier on.

As suggested, we now explain what we mean by a two-part movement with lead-in and probe movement in the abstract and in more detail in the introduction.

Fig. 3 the experimental blocks and the blocks of 8 trials used for display are not similar which is confusing.

The experimental block sizes were different in the various phases of the experiment to accommodate the training and generalization trials. Using a mean of 8 trials allows us to consistently use a fixed number of trials throughout the experiment. We now explain in the paper why we use 8 trials.

Lines 275: was had

Corrected.

Line 310: Surely there is feedback during movement even in a channel, so the force measured is not a pure "feedforward" adaptation.

We have now expanded and re-rewritten the section of force estimation in more detail and by explain more on how the channel techniques operates and how channel trials do provide an estimate of feedforward adaptation. The critical point is that the force measured cannot be as a feedback response to the force field on these specific trials as there is no force field on these trials. This does not mean that all feedback is eliminated, but certainly its error-driven component is minimized.

Lines 392-393: The suggested lack of sensitivity of visual info to changes in lead-in kinematics is potentially simply do to the fact that participants only used binary info about cursor motion.

As responded above, we have added a discussion of this possibility to the discussion section and outlined why we believe that this is unlikely. It is important to note that even in the visual condition there is a decrease in the force output as the kinematics are varied, as presented in the results section of the manuscript.

Lines 404-405: What was the rationale for using frequentist and Bayesian statistics?

We now only report frequentist statistics.

Lines 539-540: Typically an observer is used to describe the reconstruction of the state from partially observed systems. The Smith Predictor predicts the output of the system but it is not an observer in the sense that the state variables are not reconstructed. Pls check terminology or clarify.

We have revised this paragraph.

Line 553: The reconstruction of the state from prediction and feedback is the operation carried out by the observer. Pls clarify: the reconstruction of the state and the compensation for the delay are different operations.

We have revised this paragraph.

Reviewer \#2

In this manuscript, \"Asymmetry in kinematic generalization between visual and passive lead-in movements are consistent with a forward model in the sensorimotor system\", the authors probe the generalization of lead-in movement kinematics as contextual cues for the simultaneous adaptation to opposing force-fields (an interference paradigm). Specifically, the authors have attempted to systematically probe the ranges of several kinematic parameters of lead-in movements (e.g., movement length, duration and peak speed) to assess to what degree this information can facilitate the adapted behavior. The study investigated the generalization and individual characteristics for both passive and visual lead-in movements. The results show that the force-field adaptation is sensitive to the duration and peek speed of lead-in movements but not to the distance, and the generalization between passive and visual lead-in movement was asymmetric due to different levels of sensory state estimation. While I find the study question and the results somewhat interesting, there are several critical issues regarding the statistical and the experimental design that make it difficult to draw meaningful conclusions from the results and overall lowers enthusiasm. Furthermore, there is the issue of a prior presentation/publication of aspects of this presented work that is not referenced in the current manuscript and appears not consistent with the presented results. My specific comments are shown below:

We thank the reviewer for their helpful comments on the manuscript. We address each concern in turn and also indicate how we have updated the manuscript.

Major Comments

1\. I am confused as to why the conference paper from the 2018 International Conference on NeuroRehabilitation, Characterization of Neural Tuning: Visual Lead-in Movements Generalize in Speed and Distance by the authors, is not referenced in the manuscript. Much of the phrasing in the conference paper matches the current manuscript. Indeed, the subject information of the conference paper perfectly matches the subject information of the visual lead-in subjects in the current manuscript. Furthermore, while the visual lead-in experiment appears identical, a discrepancy exists between the percentage of force compensation seen in the subjects of the conference paper and the current manuscript. The conference paper states that subjects compensated up to 90% whereas subjects in the current manuscript compensated up to 70%. Also, Figure 1 of the conference paper appears identical to Figure 5D-F of the current manuscript, albeit with the force compensation axis shifted by 20%, the same difference is seen in the reports of force compensation percentage. In the conference paper, we see the location of the force compensation for the dotted line (represented by a black dot) at approximately 85%. In the current manuscript, we see the same shaped curves but this same location is at 70%. Clarification as to (1) why the conference paper was not cited/acknowledged (2) if the results are indeed from the same experiments or not, and (3) why the difference in force compensation percentage exists seems critical in order to assess this work.

A very early analysis of part of the data was presented in a short conference paper. We have since revised the analysis code, correcting several mistakes that were present in the early work and extending it, including a new experiment and comparisons across experiments. We now cite the conference paper as well.

2\. Overall the description of the experiment is not clearly explained. The authors tried to investigate the kinematic generalization of velocity dependent force field adaptation on 34 generalization conditions, transfer between passive and visual lead-in movements, and transfer to a reversed visual condition in a very long experiment with over 3000 trials. In the manuscript, only the number of trials and type of trials were provided. Details about the structure of the experiments and how different trials are organized is currently missing. For example, how were catch trials distributed, what were the randomization and blocking rules? X per Y trials? Could catch trials be followed by a second catch trial? Did the rules change between pre-exposure, training, and testing? Without this information, it is impossible to understand such a complicated experiment and to verify whether the experiments are well designed to answer the questions.

Furthermore, it is not clear to me that the experiments are able to sufficiently isolate the behavioral aspects that the authors set out to study, leading to a large uncertainty in the conclusions that can be drawn.

We have extensively revised the methods including all of these points.

3\. Line 196-204: The Protocol for Experiment 1 states that lead-in movement direction was +/- 45 degrees from the final target direction. However, if I am interpreting it correctly, Figure 2 (labeled Experimental Design) shows lead-in movements +/- 135 degrees from the final target location. Thus, it appears that Line 197 and Line 202 are not consistent with figure 2 on the lead in movement directions. I assume that the figure was reused from a previous paper. Please replace with an updated figure showing the current experimental design. Furthermore, it is stated that final target locations are 0 and 270 degrees and lead-in movements begin from 45, 135, and 225 degrees. Given the final target locations, lead-in movements from 135 degrees could not be +/- 45 degrees from any final target location. Clarification and correction of the experimental design would be appreciated.

We thank the reviewer for pointing out the ambiguities in our description of the task here. Fig. 2 is actually correct and represents the 0� target location condition, but we appreciate that the description was confusing. Consequently, we have re-written this section to make it clearer.

4\. Line 269-271: Experimental Design: How many trials were done with the reversed direction visual cursor? Additional explanation of the nature of this condition is necessary.

The number of channel trials in each generalisation condition has now been documented in the text. We also provide an expanded description of the reversed cursor condition as suggested.

Nevertheless, I find the use of this type of contextual cue puzzling. If the reversed direction visual cursor begins from the center target and moves away from the hand position, how could this be considered a lead-in movement?

We do not claim that this is a lead-in movement. However, in the visual condition we had the opportunity to investigate the effect of the reversing cursor direction using a lead-away movement, which cannot have an equivalent passive condition version. We now describe this condition in more detail and refer to it as a "lead-away" movement.

5\. Line 291-294: While both Bayesian and Frequentist ANOVA are valid approaches, it is not useful to apply both simultaneously. The assumptions about the nature of unknown parameters between Bayesian and Frequentist methods are in direct conflict. Thus, it appears that no new information can be garnered by using both approaches, only alternate interpretations.

We disagree with this statement. However, we now only report frequentist statistics for issues of space.

6\. Line 302: Maximum Perpendicular Error was calculated over 8 trials. It is unclear what this means (subset of trials used? moving average in reference to plotting?) Additionally, while MPE has been used in the past, it is not very informative regarding the nature of the error. It seems that choosing a controlled time or distance into the movement for kinematic error would be more informative.

We chose MPE to represent kinematic error to be consistent with both our previous studies, as well as those of many other researchers. It is important to note that the MPE values are not essential to the interpretation of the results which is made on the bases of the estimated recalled compensation to the viscous curl fields. We have also re-written this section to make it clearer.

7\. Line 314. To obtain the estimate of the level of force compensation, the measured force was regressed with the velocity of movement during the 'same period'. No definition of the 'same period' was given. The authors should indicate how they aligned different movements in the 'same period' to calculate the force compensation. Also on Line 316 the authors state that the force compensation data was averaged across 2 channel trials for each participant. The authors should provide the definition of which 2 trials were used.

We now have re-written this section of the manuscript to explain much more clearly how compensation to adaptation was computed and why channel trials provide a good estimate of feedforward/predictive recall. We also explain that channel trials were not allowed to be adjacent or at first location in a block.

8\. Line 344-346: As stated, Figure 3 shows force compensation averaged over both force fields. It would be beneficial to show compensation to each individual force field. Additionally, statistical testing seems warranted to check if asymptotic compensation levels are significantly different (or not) between both clockwise and counterclockwise force fields and between the two final target locations, as well as between day 1 and 2.

We have now added an additional plot to show compensation to each force field separately to the figure. There are no significant differences for either experiment.

9\. Line 390-392: While I understand why the authors have chosen the wording used for the "one major finding" I fear that the phrase "overall tuning effects were much more pronounced" could be easily misinterpreted. The important results appear to be that visual lead-in movements, regardless of kinematics (to a degree), are able to act as contextual cues that result in behavior showing near trained condition levels; whereas the kinematics of passive lead-in movements restrict the degree to which lead-in movements can be utilized as a contextual cue. I feel this framing is critical for clear understanding for the implications of the results.

We disagree with the reviewer on this point. Distinct visual lead-ins associated with opposing curl fields certainly can act as a contextual cue, but recall is affected by changes in their kinematics. Similarly, distinct passive lead-ins associated with opposing curl fields can also act as a contextual cue, but recall is more sensitive to kinematics change. This is why we state that overall tuning effects were much more pronounced in the passive condition than in the visual condition.

10\. Line 402-405: In the Factor Effects ANOVA, was a significant interaction effect found? Conclusion about the Main Factors cannot be made from the results of an ANOVA if a significant interaction exists, without additional testing. The authors should perform post-hoc tests which are currently missing in the manuscript. The authors should show the significance of the main effects (duration, velocity, distance, visual/passive, etc.) and the interaction between effects. Furthermore, the authors should find an appropriate multiple testing correction procedure to adjust the statistical confidence measures based on the number of tests performed. The authors might also consider the correlation between the data under different generalization conditions. Repeated measure ANOVAs or linear mixed models might be more appropriate for correlated data samples.

We calculate a repeated measures ANOVA to examine the difference in generalization between the visual and passive conditions. In order to do this comparison, all data is normalized to the level of the trained data -- i.e. 100% for each subject. We then do the repeated measures ANOVA and find a significant between subject's effect of the two experiments indicating that there is indeed a difference in the generalization of these two conditions.

11\. Line 418-420: What statistical test was used in to find the significant difference between transfer from passive to visual vs. visual to passive? Furthermore, when presenting the results, the authors should list detailed information (specific numbers) about the results and perform appropriate statistical analysis before drawing any conclusion. For example, Line 370, "the recall of predictive compensation was strongly affected by changes in the duration of the movement". Instead of saying "strongly affected", the authors should show values of the recall and use hypothesis tests to show whether the recall for different movement durations is significantly different. Furthermore, the authors should provide detailed information about hypothesis tests that are used, main effects and interactions between effects they want to examine. The same issue holds for Line 363, 372, 377, 391, and 393. The authors should interpret the results by providing specific numbers supported by appropriate statistics.

We have included results of post-hoc comparisons in the results section for these details.

12\. Is there a significant difference in transfer to Reverse Visual between subjects trained with passive lead-in movements vs. visual lead-in movements?

We have now added this test to the manuscript.

Minor Comments

1\. Lines 37 and 86: The definition of the 'lead-in movements' should be given before use. In the current form it would be difficult for readers who lack the background knowledge to follow.

We now explain what we mean by a two-part movement with lead-in and probe movement in the abstract and in more detail in the introduction.

2\. Are 8 subjects per group sufficient power for this study?'

Using 8 participants is a commonly used number of subjects for such behavioural motor control experimental studies.

3\. Line 97: Small typo, "have been used effectively to examine the angular..."

Corrected.

4\. Lines 225-229: The experiment is described to take place over two-day period. Were there any effects of having the experiment over these different days?

We ran the experiment over two days to collect more datapoints to reduce the variance of the compensation estimates used for the generalization conditions. This number of trials could not be run in a single session as it would be strenuous for the participants. We now explain this in the manuscript.

For the benefit of the reviewer, additional analyses were also carried out to show the effect of generalisation block count in the passive (Additional Fig. 1, below) and visual lead-in experiments (Additional Fig. 2, below). This shows that the effect of 2-day training was essentially to reduce the variance of the compensation estimates and does not affect the form of the generalisation functions or their interpretation. In addition, the same noisy trends are even present on the basis of the first generalisation condition block.

5\. Line 226-227: While I assume that the large number of trials was motivated at least in part by the need to simultaneously train the different force-field conditions, a sentence explaining the motivation would be helpful for those who have less experience with interference paradigms.

We have added a statement explaining the motivation for a large number of trials.

6\. Line 241-244: The number of each type of trial is included, but not the structure. How were the trials organized within each block?

We have extensively revised the methods section to include the details on the exact organization of trials. Briefly, the trials were all pseudorandomized within a block such that two channel (probe) trials never occurred directly one after the other.

7\. Lines 379-387: There are multiple typos in this paragraph.

We have made corrections to this paragraph.

8\. Lines 379-381: Small typo, "In the visual lead-in condition, we found slightly less pronounced decay as some of the kinematics were varied while others remained constant (Fig 5 D-F)."

Corrected.

9\. Lines 382-383: Small typo, "Although there was a tuning effect centered around the movement duration using for training..."

Corrected.

10\. Line 427-429: It would be helpful to state the actual value for transfer force compensation, not relative to the forward visual lead-in condition, and to also provide the standard error for all group means presented in the results section.

In the results section we have now added the actual values for transfer force compensation results in terms of the group means and standard error values.

11\. Lines 431-433: What figure is the text referring to?

We now clarify this is referring to Fig. 6.

12\. Line 460: "passive tuning was more pronounced and narrower..." This sentence seems misleading. Passive lead-in displayed lower asymptotic force compensation levels at the trained location than visual lead-in subjects. It seems all that can be said is that passive tuning was narrower.

Although this referred to previous studies, we have now deleted the statement "more pronounced" to make the statement less ambiguous.

13\. When discussing the amount of force compensation during generalization condition trials, I would hesitate to call the reduced compensation "decay." This might easily be conflated with having some temporal change over trials/time. "Reduction in force compensation" or phrasing along those lines may be more straightforward.

We have replaced the term decay with reduction where appropriate throughout the manuscript. In other places we have specified that this decay is spatial in nature rather than temporal.

14\. Line 500: Perhaps, "Further, experiments have shown that future state also affects motor learning in an analogous way"'

Was correct, but confusing. Have changed to "other experiments."

15\. Lines 542-543: "This approach is also often used for engineering applications.

Corrected in a revised paragraph.

16\. It would be helpful to add velocity information in table 1.

We have added the peak velocity information requested into Table 1.

17\. As a supplement, a script of the verbal instructions given to subjects would be helpful.

We have added the instructions given to the participants to the methods section.

Additional Fig. 1 shows the effect of number of blocks used in estimation of the generalisation of passive movement lead-ins. Results in panels A-C show the estimates on the basis of all 16 blocks. Results in panels D - F show the analysis just on the basis of the first six blocks performed on the first day. Results shown in panels H - J show generalisation estimated simply on the basis of the very first block.

It can be seen as the number of generalisation blocks reduces from 16 to 6, the variance of the measurements of the estimates goes up, but the general trend is clear to see in all the plots. The single block estimates are quite noisy, but the overall trend is still visible.

Additional Fig. 2 shows the corresponding effect that block number has on the visual-bead-in condition. Results in panels A-C show the estimates on the basis of all 16 blocks. Results in panels D - F show the analysis just on the basis of the first six blocks performed on the basis of the very first block. Again, it can be seen as the number of generalisation trials reduces, the variance of the measurements of the estimates goes up, but the general trend is clear to see in all the plots. Also, the single block estimates are again quite noisy, but the overall trend is still visible.
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Dear Dr. Howard,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

Please pay particular attention to Reviewer 1\'s comment, which wasn\'t addressed in the manuscript and, in my opinion, somewhat weakly rebutted. Also Reviewer 2\'s comment regarding sample size needs some serious consideration - an n=8 per group may be standard in the field for large manipulations (i.e., prior research), but as the manipulations get more subtle and refined, we\'d expect the power requirements to increase proportionally (particularly with so few trials per condition). Given the mandate of PLoS one to retain high levels of integrity over data and analytical methods, at the expense of considerations related to impact, this is something I feel particularly strongly about in this editorial role.

We would appreciate receiving your revised manuscript by Feb 01 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Gavin Buckingham

Academic Editor

PLOS ONE
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Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The authors have addressed most of my concerns. I somewhat regret that they pushed back more than they attempted to verify their claim: one of my concerns was that should participants be able to learn that distinct kinematics are followed by channels, then perhaps the force applied to the channel wall decreased not because there was no generalization, but because participants knew there would be no force field. It is not an unreasonable objection, and it does not take anything away from the interesting finding that the visual system seems to operate differently. That some effect already happened in the beginning based on one block was not very convincing. I recommend that the authors either leave that option open and even discuss why they don't think it could happen, or better, check it with a design in which generalization trials are not systematically followed by force channels.

Reviewer \#2: The authors have addressed most of the previous comments. There are just a few points that still remain.

1\) Of course there are previous studies that have used only 8 subjects to show reproducible effects, but the question is if 8 subjects is sufficient for the current study? At six trials per condition/subject (for 34 conditions) this is a reasonable question.

2\) Did the authors actually mean 235 here and throughout the revision?:

"The 0o target location was associated with lead-in start locations at +135o and 235o, and the 270o target location was associated with lead-in start locations at +45o and 135o."

3\) Figure 2 could be clarified if the coordinate system was included with respect to the movements depicted.

4\) For completeness it would be nice (but not critical) for the authors to show/state that the asymptotic training level of force compensation between passive and visual lead in groups in Figure 3 are not significantly different.

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Response to the Reviewers

We thank both of the reviewers for their concerns and suggestions and we have addressed these issues in the current version.

Reviewer \#1: The authors have addressed most of my concerns.

I somewhat regret that they pushed back more than they attempted to verify their claim: one of my concerns was that should participants be able to learn that distinct kinematics are followed by channels, then perhaps the force applied to the channel wall decreased not because there was no generalization, but because participants knew there would be no force field. It is not an unreasonable objection, and it does not take anything away from the interesting finding that the visual system seems to operate differently. That some effect already happened in the beginning based on one block was not very convincing. I recommend that the authors either leave that option open and even discuss why they don't think it could happen, or better, check it with a design in which generalization trials are not systematically followed by force channels.

We disagree with the reviewer's concerns here for several reasons. First of all, even experienced participants (which are not being tested here in our study, since participants were naïve) are normally unable to detect which trials are a channel trial and which contain a force field. Perhaps the reviewer may not have had experience with this set-up and experimental design which may lead to this confusion. Secondly, the reviewer states that they do not find the fact that we see our effects on the very first block of channel trials (a single channel trial for this condition) convincing. This is the most convincing result. The participants have no way of knowing before this point, that these test trials have a channel trial (instead of a curl field) following this slight variation in the preceding visual or passive motion. That is, there is no possible way for them to know a priori that there would not be a force field here. Even more important, participants can't even detect after the trial has finished whether this was a channel trial or a force field trial, since the forces they experience in the two conditions are the same. The suggestion from the reviewer -- either including a force field or having a null field -- cannot be adopted to probe generalization as it would completely affect the results either by introducing learning or unlearning respectively. We have many more points to support our case, but perhaps the most relevant to this reviewer is that if this occurred as the reviewer suggests, then it would result in not the smooth variation in generalization forces on the channel but either force being produced or not being produced -- i.e. a discrete rather than continuous effect on the generalization as the reviewer initially suggested and which we already discuss and outline why this is not the case within our discussion. We have added to the discussion outlining our position as requested.

Reviewer \#2: The authors have addressed most of the previous comments. There are just a few points that still remain.

1\) Of course there are previous studies that have used only 8 subjects to show reproducible effects, but the question is if 8 subjects is sufficient for the current study? At six trials per condition/subject (for 34 conditions) this is a reasonable question.

There are several important points to make here. First of all, the reviewer is mistaken regarding the number of generalization trials. We have 16 repeated measurements for every channel trial condition. This means that each single point on our generalization measure is made up of the combination of 128 independent measurements. Moreover, our design does not require a single difference at any one of the various channel trials, but instead investigates the overall differences in the generalization function, whereby each generalization description is now made of 128 x 14 = 1792 trials. Here, eight participants provide an extremely strong and robust effect, which can easily be seen in our statistics. Particularly, all three comparisons of interest (visual generalization, passive generalization, and comparison of the two) produce main effect differences in our ANOVAs of p\<0.001. Again, the critical point is that our results do not depend on any specific comparison of the 14 different conditions (although statistically speaking these are very strong as well), but explores the overall effects of varying kinematics.

While perhaps a slightly orthogonal point, we believe that it is also important to point out that in our design that we do not simply record participants performing a few movements in 20 minutes of activity and then depend on statistics to detect a difference. Instead, by designing an experiment where we continue to measure participants behaviour over 6 hours of recording we are able to record sufficient data to see effects in a single participant. Our current manuscript is made up of 96 hours of individual movements from our participants.

2\) Did the authors actually mean 235 here and throughout the revision?:

"The 0o target location was associated with lead-in start locations at +135o and 235o, and the 270o target location was associated with lead-in start locations at +45o and 135o."

We thank the reviewer for pointing this out. We have corrected it to 225�.

3\) Figure 2 could be clarified if the coordinate system was included with respect to the movements depicted.

We have now indicated the movement directions in the legend of Figure 2.

4\) For completeness it would be nice (but not critical) for the authors to show/state that the asymptotic training level of force compensation between passive and visual lead in groups in Figure 3 are not significantly different.

Although this comparison is not the point of our study, we now include this test. As expected from our figures, we found a significant difference between the asymptote of the two groups of participants using a t-test -- and have added this result to the methods section.
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Dear Dr. Howard,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.
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Dear Dr. Howard:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.
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PLOS ONE Editorial Office Staff
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